Aim: Atorvastatin, a HMG-CoA reductase inhibitor, used in the treatment of hypercholesterolemia, has been previously shown to regulate ABCB1 expression in vivo and in vitro. We hypothesized that the statin could regulate gene expression of ABCB1 transporter via microRNAs. Methods: Expression of microRNAs and ABCB1 mRNA was examined in atorvastatin-treated and control cells using real-time PCR. miR-491-3P mimic and inhibitor were transfected in Caco-2 and ABCB1 expression was monitored by western blot and real-time PCR. Results: In HepG2 cells, none of the microRNAs predicted to target ABCB1 3′UTR was regulated by atorvastatin treatment. In agreement with this, ABCB1 3′UTR activity was not modulated in HepG-2 cells after 48 h-treatment as measured by luciferase assay. In Caco-2 cells, atorvastatin treatment provoked a decrease in luciferase activity and, accordingly, miR-491-3p was upregulated about 2.7 times after 48 h-statin treatment. Luciferase analysis of miR-491-3p with a mimetic or inhibitor of miR-491-3p revealed that this microRNA could target ABCB1 3′UTR, as after miR-491-3p inhibition, ABCB1 levels were increased by two-fold, and miR-491-3p superexpression decreased ABCB1 3′UTR activity. Finally, functional analysis revealed that treatment with miR-491-3p inhibitor could reverses atorvastatin attenuation of ABCB1 (Pg-p) protein levels. Conclusion: Our results suggest atorvastatin control ABCB1 expression via miR-491-3p in Caco-2 cells. This finding may be an important mechanism of statin drug-drug interaction, since common concomitant drugs used in the prevention of cardiovascular diseases are ABCB1 substrates.
Introduction
Solute transporters are membrane proteins essential for homeostasis of all types of cells. This protein controls the influx of essential nutrients and efflux of cellular waste, environmental toxins, drugs, and other xenobiotics (Giacomini and Sugiyama, 2011) . In considering drug transport, most of the researchers focus on two major families ABC (ATPbinding cassette) or SLC (solute carriers) transporters. P-glycoprotein (P-gp, encoded by ABCB1 gene) is localized in brush-border membrane of intestinal cells limiting drug absorption and in the canalicular membrane of hepatocytes, where it mediates the efflux (excretion) of drugs and their metabolites (Leslie et al., 2005) . This transporter has been characterized to transport statins (for review, see Rodrigues, 2010) .
Statins are 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors used for treatment of hypercholesterolemia. Intestinal absorption appears to have an important role in disposition of statins, although only 30% of atorvastatin is absorbed after oral ingestion and its oral bioavailability is around 14% (Shitara and Sugiyama, 2006) . Atorvastatin pharmacokinetics (PK) and pharmacodynamics (PD) have been related to ABCB1 expression. Plasma total cholesterol reductions after statin therapy were inversely correlated to ABCB1 expression (Rebecchi et al., 2009; Rodrigues et al., 2006) , and down-regulation of ABCB1 was observed both in hepatocytes and intestinal cells after statin exposure (Rodrigues et al., 2006 (Rodrigues et al., , 2009a .
The mechanism responsible for atorvastatin-induced ABCB1 transporter down-regulation is not known. Previously, we found that decreased mRNA stability by atorvastatin treatment might explain the decrease in ABCB1 transcript levels (Rodrigues et al., 2009b) . Because atorvastatin reduces ABCB1 mRNA half-life, we hypothesized that statins might be acting through epigenetics mechanisms such as microRNAs.
MicroRNAs are short (~21 nt long), noncoding RNAs that control the post-transcriptional expression of target genes (Bartel, 2004) . Specifically in the regulation of ABCB1 drug transporters, microRNAs are newly recognized molecules capable of regulating its mRNA translation (Feng et al., 2011; Kovalchuk et al., 2008; Zhu et al., 2008) . In addition, the expression of some microRNAs was shown to be altered by exposure to xenobiotics agents, and could be potential targets for pharmacological therapy, mainly because they revealed to be largely dysregulated in cancer cells (for review, Yu, 2009) .
In the present study, we have investigated the role of statins on the expression of ABCB1 regulatory microRNAs in HepG2, HuH-7 and Caco-2 cells. This may be a relevant mechanism for variability in statin PK/PD and for the clinically observed drug-drug interactions, since many cardiovascular drugs are substrates for ABCB1.
Material and Methods

Chemicals and Materials
Atorvastatin was kindly provided by Pfizer (Guarulhos, SP). MEM and fetal bovine serum (FBS) were bought from Hyclone (Waltham, MA). Oligonucleotide primers were synthesized by Integrated DNA Technologies (Skokie, IL). SyBR Green was obtained from Invitrogen (Carlsbad, CA), and GoTaq master mix, RNAsin, M-MLV RT enzyme, and dNTPs were purchased from Promega (Madison, WI). miRIDIAN microRNA mimics and hairpin inhibitors for miR-491-3p were purchased from GE Dharmacon (Chicago, IL). Cell lines were bought from ATCC (Manassas, VA).
Cell Culture
Human colorectal adenocarcinoma (Caco-2), human hepatoma (HepG2) and hepatocellular carcinoma (HuH-7) cells were cultured in MEM medium supplemented with 10% fetal bovine serum (FBS). The cells were grown at 37°C in a humidified atmosphere with 5% CO 2 / 95% air. Cell culture media consisted of 10,000 units/mL penicillin and 10,000 units/mL streptomycin. Culture medium was replaced three times a week and cells were trypsinized and subcultured every 7 days.
Drug Treatment
One day before the treatment, cells were seeded at a density of 1.0 × 10 5 (HuH-7 and HepG2) and 2.0 × 10 5 (Caco-2) cells per well of a 24-well plate, respectively. The final concentration of methanol in the culture medium did not exceed 0.1%. Preliminary experiments with these concentrations of methanol did not show cytotoxicity. Cells were treated with vehicle control (methanol 0.1%) or atorvastatin 1 μM for 24-72 h.
In Silico Identification of Putative miRNA Binding Sites
The 3′UTR sequence of human ABCB1 (GenBank sequence NM_000927.3) was searched for antisense matches to individual miRNAs using TargetScan (http://www.targetscan.org/) and PITA (http://genie.weizmann.ac.il/index.html) softwares (Kertesz et al., 2007; Lewis et al., 2005) .
Stem Loop Reverse Transcription and Real-time PCR
All the experiments were essentially conducted as described in Rodrigues et al., 2011 . Primer sequences for miR-27a and 451 and small nucleolar RNA U74 (used as a reference gene for normalization) were previously described (Rodrigues et al., 2011) . All the other primer sequences are described in Table 1 .
Western Blotting
Crude membrane fractions were prepared as previously described (Rodrigues et al., 2009b) . Protein concentrations were determined Caco-2cells RT GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACA CCC AG Forward GCC CAG CTA CAT CTG GCT A miR-223 RT GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACT GGG GT Forward GCC CTG TCA GTT TGT CAA AT miR-593 RT GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACA GAA AC Forward GCC CTG TCT CTG CTG GG miR-491-3p RT GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACG TAG AA Forward GCC CCT TAT GCA AGA TTC CC Universal reverse GTGCAGGGTCCGAGGT using the BCA Protein Assay Kit (Pierce, Rockford, IL). Crude membrane fraction proteins (20 μg) were separated on 8.0% SDS-polyacrylamide gels (PAGE) and electrophoretically transferred onto nitrocellulose membranes (Invitrogen, Grand Island, NY), which were then incubated overnight with an anti-ABCB1 monoclonal antibody 1:500 diluted (Santa Cruz Biotechnology). After further incubation with a horseradish peroxidase rabbit anti-mouse IgG (BD Bioscience, San Jose, CA) the proteins were visualized with Odyssey ClX scanning system (LI-COR).
Image acquisition and densitometric analyses were conducted using Image Studio software version 4.0 (LI-COR). β-Actin (Sigma-Aldrich) was used as a loading control.
Plasmids
ABCB1 3′UTR segment (0-611 nt , from stop codon), which was amplified from HepG2 cells genomic DNA with primers with XbaI/FseI sites (Fw: 5′-CGT CTA GAA CTC TGA CTG TAT GAG ATG TTA AAT ACT TT-3′; Rv: 5′-ATA GGC CGG CCA TGT GGA AAT GCA AGA ATC AGC-3′), was cloned into XbaI/FseI-digested pGL3 vector (Promega). The 3′UTR segment was inserted downstream of the Firefly luciferase gene (Luc). The insert was confirmed by direct DNA sequencing on the ABI PRISM® 310 Genetic analyzer (Applied Biosystems, EUA).
Luciferase Assay
Lipofectamine 2000 (Thermo-fisher) was used for only plasmid transfection, following the manufacturer's instructions. In particular, 2 μL of Lipofectamine 2000 diluted in Opti-Mem I reduced serum was mixed with the desired plasmids diluted in Opti-Mem for each well in 24-well plates (final volume of 100 μL). Caco-2 or HepG2 cells were co-transfected with pGL3-ABCB13′UTR plasmid (800 ng) or pGL3 control (800 ng) and pRL-CMV plasmid (20 ng) that expresses Renilla luciferase. For dual transfection protocol in Caco-2 cells, 0.5 μL of Dharmafect duo reagent was mixed with pGL3-ABCB13′UTR plasmid (100 ng), pRL-CMV plasmid (2.5 ng), and miR-491-3p miRIDIAN microRNA mimic (50 nM) or miRIDIAN hairpin inhibitor (25 nM) and their negative controls (Dharmacon).
For both transfections assays, in the next day, cells were treated with atorvastatin (1 μM) or vehicle control, and luciferase activities were assayed 24 h after treatment using the Dual-Luciferase Reporter Assay System (Promega). Hexaplicate transfections were tested. Firefly luciferase activity was normalized to Renilla luciferase activity and compared among the different treatments.
miR-491-3p Functional Analysis
All transfection experiments were conducted with Dharmafect 1 reagent (GE-Dharmacon), following the manufacturer's instructions. Caco-2 cells were seeded in 6-well plates at a density of 5 × 10 5 cells, 24 h before the transfection. At the day of the transfection, 0.8 μL of Dharmafect was mixed with miRNA-491-3p miRIDIAN hairpin inhibitor for each well in a 6-well plate. Caco-2 cells (50% confluent) were transfected with miRNA-491-3p miRIDIAN hairpin inhibitor (25 nM) or miRIDIAN hairpin inhibitor negative control (25 nM) in a total volume of 2.0 mL. After 6 h of transfection, the media was changed for fresh growth culture medium and, in the next day, cells were treated for 48 h with atorvastatin (1 μM) or its vehicle (methanol 0.1%). ABCB1 protein levels were measured by Western Blotting after 72 h of the transfection. 
Statistical Analysis
Each set of experiments was performed in triplicate and repeated two times in cells pertaining to different passages. All values were expressed as mean ± S.E.M. Different treatments were compared by unpaired Student's t test or One or Two-way ANOVA, followed by Bonferroni post-test when more than two groups were analyzed. Statistical analyses were carried out using GraphPad Prism version 5.00 for Windows (GraphPad Software Inc., San Diego, CA, USA). Significance level was set at p b 0.05.
Results
ABCB1 3′UTR Activity
Initially, luciferase reporter assay was used to measure ABCB1 3′UTR activity after atorvastatin treatment in HepG2 and Caco-2 cells (Fig. 1) . Transient transfection using this pGL3-ABCB1-3′UTR in HepG2 cells showed no significant effect of reporter activity in response to different concentrations of atorvastatin (Fig. 1A) . Differently, ABCB1 3′UTR-luciferase activity decreased approximately 50% when Caco-2 cells were treated with atorvastatin 1 μM for 24 h (Fig. 1B) , which is consistent with atorvastatin attenuation of ABCB1 levels reported previously by our group (Rodrigues et al., 2006 (Rodrigues et al., , 2009a . We did not use higher concentrations in Caco-2 cells because doses higher than 1 μM have been previously shown to decrease cell proliferation and viability (Rodrigues et al., 2009a) . HepG2 cells were treated with concentrations of atorvastatin found in the blood levels after an oral dose of 10 to 80 mg per day (Mohammadi et al., 1998) .
MicroRNA Expression in Human Cell Lines
In silico predictions revealed that multiple microRNAs could bind ABCB1 3′UTR. We have chosen four microRNAs predicted to target ABCB1 with the best scores, ranked in descending order, by targetScan and PITA softwares (miR-491-3p N miR-593 N miR-129-5p N miR-223), and two microRNAs already validated to target ABCB1 transcript (miR-27a and -451). Thus, we measured these miR expression on Caco-2, HepG2 and HuH7 cells (Table 2 ). In HepG2 cells the following microRNAs were detected: miR-27a (Ct = 26), miR-451 (Ct = 30), miR-491-3p (Ct = 29). Expression of miR-129-5 and miR-223 was detected at very high Ct values (Ct N 35), and was considered negative. Expression of miR-593 was not detected. In HuH7 cells, miR-27a had high expression (Ct = 24), miR-451 was moderately expressed (Ct = 27), miR-491-3p and miR-593 had low expression (Ct = 30). In Caco-2 cells, as previously reported Lewis et al., 2005 , miR-27a was highly expressed (Ct values below 25), miR-491-3p was moderately expressed (Ct = 28), and miR-129-5p and 451 levels had low expression (Ct values higher than 30). Expression of miR-223 and miR-593 was not detected in Caco-2 cells.
Effect of Atorvastatin on miRNA Expression
Data from HepG2, HuH-7 and Caco-2 cells treated for 24 h with atorvastatin at 1 μM are presented in Fig. 2A , B, and C, respectively. Atorvastatin treatment induced a decrease in miR-451 expression in HepG2 cells (p N 0.05) ( Fig. 2A) , and an increase in miR-491-3p in HuH-7 cells (p N 0.05) (Fig. 2B) . The expression of miR-27a and -593 was not different from the observed in control cells after atorvastatin treatment. On the other hand, in Caco-2 cells, miR-491-3p and miR-129-5p were upregulated after a 24 h-treatment (miR-129-5p: 1.02 ± 0.07 vs 1.76 ± 0.29, p b 0.01; miR-491-3p: 1.00 ± 0.08 vs 1.66 ± 0.39, p b 0.05) (Fig. 2C) . Thus, we performed a time-course to evaluate the effect of atorvastatin over time (0-72 h) in Caco-2 cells. Expression of miR-129-5p returned to control levels after 48 h (Fig. 2D) , whereas miR-491-3p expression was still elevated more than 2-fold at 48 h and then start to decrease after 72 h (Fig. 2E) . Thus, we have chosen miR-491-3p to further investigate the effect of microRNAs on ABCB1 3′UTR in Caco-2 cells.
miR-491-3p Targets ABCB1 mRNA in Caco-2 Cells
We used pGL3-ABCB1 3′UTR luciferase reporter plasmid to validate microRNA miR-491-3p response element (MRE) site. ABCB1 3′UTR luciferase activity was decreased by 40% when cells were transfected with miR-491-3p mimic, compared with negative control (Fig. 3A) . Co-transfection of pGL3-ABCB1 3′UTR and miR-491-3p inhibitor restored ABCB1 3′UTR luciferase activity (Fig. 3A) . This result also showed that increasing miR-491-3p on Caco-2 cells replicates the attenuation of ABCB1 mRNA by atorvastatin. We, next, performed a loss-of-function experiment. Caco-2 cells were treated with atorvastatin with/without miR-491-3p inhibitor to evaluate if antagonist reverses attenuation of ABCB1 3′UTR luciferase activity. As predicted, loss of miR-491-3p activity blocked atorvastatin repression of ABCB1 mRNA (Fig. 3B) .
Atorvastatin Controls ABCB1 Levels Via miR-491-3p in Caco-2 Cells
We used a loss-of-function assay to see if decreases in endogenous miR-491-3p function reverse atorvastatin attenuation of ABCB1 levels. Atorvastatin treatment for 48 h reduced ABCB1 mRNA and protein by two-fold (p b 0.05) in Caco-2 cells ( increases of miR-491-3p found after atorvastatin treatment (Fig. 2D) . As expected, in the presence of miR-491-3p inhibitor, atorvastatin restores ABCB1 expression in Caco-2 cells (Fig. 4B ).
Discussion
Efflux drug transporter expression on relevant pharmacological barriers can prevent cells from toxicity. These transporters act to limit the access of drugs to tissue compartments, and to eliminate drugs and metabolites via bile (Leslie et al., 2005) .
We have previously described that atorvastatin down-regulates ABCB1 through increased degradation of ABCB1 transcript in HepG2 cells (Rodrigues et al., 2009b ). In the current study, we have hypothesized that atorvastatin may regulate gene expression of ABCB1 transporter via microRNAs. We have found miR-491-3p targets 3′-UTR of ABCB1 and miR-491-3p is upregulated after atorvastatin exposure in Caco-2 cells. Loss-of-function assay for miR-491-3p increased ABCB1 expression and reversed attenuation of ABCB1 expression induced by atorvastatin, suggesting that this miR may be a potential target of atorvastatin to control ABCB1 efflux transporter expression.
Screening of normal human tissues and cell lines for miR-491-3p expression revealed that miR-491-3p expression was higher in colon than in liver specimen. Interestingly, when cell lines were compared, Caco-2 cells (a model of colon carcinoma) had low levels whereas HuH-7 and HepG2 cells (models of hepatocellular carcinoma) had high levels of miR-491-3p (Dluzen et al., 2014) . These differences observed between normal tissue and cell lines may suggest that miR-491-3p contributes to tumor growth. Expression of miR-491-3p was decreased in biopsy samples from recto sigmoid area compared to ascending colon from ulcerative colitis patients. As, recto sigmoid area is the most common site of colorectal cancer development, miR-491-3p may be a tumor suppressive miRNA (Ranjha et al., 2015) .
Differences between microRNAs expression between normal and cancer cell lines have also been a focus of studies on drug resistance. Considering miR-491-3p, overexpression of miR-491-3p in HuH-7 was shown to significantly inhibit UDP-glucurosyltransferase (UGT) 1A1 expression and glucuronidation activity, suggesting alterations in miR-491-3p expression may be an important mechanism controlling phase II metabolism, and consequently, modulating drug response in humans (Dluzen et al., 2014) . In our study, we observed an up-regulation of miR-491-3p after atorvastatin treatment of HuH-7 cells (p N 0.05). Atorvastatin acid is converted to its lactone form spontaneously or via glucuronidation mediated by UGT1A1 (Goosen et al., 2007; Prueksaritanont et al., 2002) , therefore statin may induce its own metabolism through miR-491-3p. ABCB1 has been shown to be post-transcriptionally controlled by microRNAs, such as miR-145 in Caco-2 cells (Ikemura et al., 2013) , and miR-27a and -451 in multidrug resistant cancer cells (Feng et al., 2011; Zhu et al., 2008) . In our prediction, we did no find miR-145 as a target of ABCB1 mRNA, probably because we have chosen microRNAs predicted by two algorithms, TargetScan and Pita, differently from Ikemura et al. (2013) that used miRanda software in their study. In Caco-2 or HuH-7 cells miR-27a and -451 were not regulated by atorvastatin, however, in HepG2 cells, we did observe a down-regulation of miR-451 after treatment with statin (p N 0.05). It is possible miR-451 acts indirectly to control ABCB1 in HepG2.
Atorvastin, differently from expected, did not affect the expression of the four top candidate microRNAs predicted to bind ABCB1 3′-UTR. However, we may not exclude the possibility that microRNAs control ABCB1 transcript stability in HepG2 cells, as we focused on miRNAs that target mRNA 3′-UTR, and experiments using artificial sites show that targeting can occur in 5′ UTRs and open reading frames (ORFs) (Bartel, 2009) .
Poly(A) tail stabilizes mRNA directly, and changes in poly(A) tail length are used for the purpose of translational regulation (Eckmann et al., 2011) . Statins have been shown to posttranscriptionally increase eNOS expression by increasing eNOS 3′ polyadenilation (Kosmidou et al., 2007) . Therefore, atorvastatin could induce a decrease in ABCB1 mRNA stability by poly (A) tail shortening.
Evidence is presented herein that, in Caco-2 cells, a model of enterocytes, atorvastatin down-regulates ABCB1 transporter, and this effect seems to be mediated by miR-491-3p. Thus, alteration of microRNAs targeting drug transporters in the intestine may contribute to the variability in oral disposition of statins, and may be an important mechanism of statin drug-drug interaction, considering combined therapy with ABCB1 inhibitors or substrates.
